High-quality ZnO rods were grown by the vapour-liquid-solid (VLS) technique on 4H-p-SiC substrate. The current transport mechanisms of the diodes at room temperature (RT) have been explained in term of the space-charge-limited current model based on the energy band diagram of ZnO rods/4H-p-SiC heterostructure. The tunneling mechanism via deep-level states was found to be the main conduction process at low-applied voltage but at trap-filled limit voltage V TFL all traps are filled and the space-chargelimited current conduction dominated the current transport. From the RT current voltage measurements, the energy of the deep level trap and the trap concentration were obtained as ∼ 0.24 ± 0.02 eV and 4.4 × 10 18 cm -3 , respectively. The deep level states observed correspond to zinc interstitial (Zn i ), responsible for the violet emission.
Introduction
Zinc oxide (ZnO) with wurtzite structure has a large direct bandgap around 3.4 eV, and a large exciton binding energy (60 meV), has recently attracted global interest, especially in its nanostructure form [1] . This material is famous for its photonic and electronic applications such as UV light emitters/detectors and as high-power and high-temperature devices [2, 3] . ZnO has a number of other advantages compared to other wide band gap semiconductors including high-thermal/chemical stabilities; the possibility of wet chemical etching and existence of large area wafers have all led to the demonstration of ZnO as an alternative material to nitride semiconductors [2, 4] . Moreover, ZnO in its nanostructure form possesses self-organization growth property which facilitates the growth of ZnO nanostructures on any substrates such as glass, plastic, Si, GaN, AlGaN, and SiC. Among these materials 4H-SiC is a good candidate for the growth of n-ZnO rods because it has a similar energy bandgap.
ZnO possesses a rich family of nanostructures such as nanorods (NRs), nanoparticles, nanotips, and nanoneedles, as some examples [2, [5] [6] [7] . All such nanostructures have been successfully synthesized and have attracted interest because they can be used as building blocks for different future optoelectronic devices. These nanostructures have many advantages among which are large surface area to volume ratio, good crystal quality and unique photonic properties [8, 9] . So far, among these structures, rods of ZnO is grown with relatively better crystalline quality with lower defect density compared to bulk and thin films due to their small foot print and the release of strain and stress due to the large surface area to volume ratio. At the same time, both ends of ZnO rods are extremely smooth, making them perfect mirror planes and vertical rods are like natural waveguide cavities for making the emitted light to travel to the top of the device, also minimizing partial leakage and thus enhancing the light extraction efficiency from the surface [10] . The dominant radiative defects in ZnO are oxygen vacancies (V O ), zinc vacancies (V Zn ), zinc interstitials (Zn i ), oxygen interstitials (O i ), zinc antisites (ZnO), and other extrinsic impurities [11] . The free carrier concentration and luminescence efficiency are directly or indirectly related to these defects [11] . ZnO rods-based optical/electrical devices depend upon the defect chemistry and the understanding of the electrical properties, both of which are the subject of present theoretical and experimental studies. It is therefore essential to study the electrical transport properties of ZnO rods to establish ZnO rods-based devices. The electrical transport mechanism in ZnO rods grown on SiC has not yet been extensively studied nor thoroughly understood. However, to our best knowledge, only few authors reported electrical characteristic of ZnO thin films and rods on Si, SiC, and polymer substrates [12] [13] [14] [15] . In this study, we report the investigation of the current transport mechanism of ZnO rods /p-SiC heterojunction diode at room temperature (RT) in terms of the spacecharge-limited current model based on the energy band diagram of the heterostructure. From the RT current voltage measurements, the energy of the dominating deep level trap and its trap concentration were also calculated.
Experimental
ZnO rods were grown on a p-type SiC thin film. The ptype SiC film was grown by conventional chemical vapour deposition (CVD) technique on n-SiC commercial substrate [16] . The acceptor concentration in the p-SiC thin film was around 5 × 10 18 cm −3 and the thickness was around 1 μm. The ZnO rods were grown by the vapour-liquid-solid (VLS) technique. First we cover a small portion of the p-SiC substrate for defining ohmic contacts on the p-SiC. After that a layer of 5 nm thick Au film was deposited on the p-type SiC. Then ZnO (99.99%) powder was mixed with graphite (99.99%) powder with 1 : 1 ratio with respect to the weight. This mixed powder was then vaporized. The substrate coated with Au was placed above the mixture, with the catalyst pointing towards to ZnO and graphite mixed powder. The growth was carried out in a horizontal tube furnace and the boat was placed in the middle of the quartz tube. To maintain a stable environment inside the tube, a constant Ar gas flow of 80 sccm was applied for 5-10 minutes. Then the growth was initiated at 890
• C and continued for 30 minutes. After growth the samples were processed for devices. For the ohmic contact on substrate first we cleaned the small portion of the p-SiC which was covered before the growth of the ZnO rods after that a thin layer of Ni \ Al was used. The contact was annealed at 900
• C for 3 minutes in Ar atmosphere. Prior to the ohmic contacts on the ZnO rods an insulating PMMA layer was deposited between the rods. To ensure that no PMMA was on the top of the rods oxygen plasma cleaning was performed prior to the contact metal deposition. Then Al contacts of a diameter 0.5 mm were evaporated onto a group of rods. The configuration of the device is illustrated schematically in Figure 1 . The device structure was characterized by scanning electron microscope (SEM) and at room temperature (RT) using two-point probe current-voltage (I-V) characteristics.
Results and Discussion
The ZnO rods were grown vertically aligned as shown in the SEM image in Figure 2 . The diameter of the grown ZnO rods was found to be 200 nm and up to close to 600 nm, while the length was found to be around 1.9 μm. Figure 3 shows an equilibrium energy band diagram of p-n heterojunction of p-4H-SiC and n-ZnO. Here the bandgap (Eg) of ZnO is 3.3 eV and that of 4H-SiC is 3.23 eV. The conduction band offset (ΔE C ) for electrons is ΔE C = χZnO −χSiC = 0.3 eV, where χ is the electron affinity. While the valance band offset (ΔE V ) for holes is ΔE V = Eg (ZnO) + ΔE C − Eg (SiC) = 0.4 eV. ΔE V has a higher value than ΔE C , which means that electron injection from n-ZnO to p-SiC is larger than hole injection from p-SiC to n-ZnO [12] . Figure 4 show that the resulting heterojunction exhibited good rectifying I-V characteristics. Such type of rectification behavior is best described by the thermionic emission theory. According to this theory, the current in such device could be expressed as
where I s is the saturation current, R s is the series resistance, k is the Boltzmann constant, T is the absolute temperature, q is the elementary electric charge, V is the applied voltage, and n is the ideality factor. The diode series resistance defined as R s = dV /dI is shown in Figure 4 (Inset). Below the turn-on voltage, R s decreases with increasing the forward bias. Then it maintains a constant value above the turn-on voltage. Under the forward bias the conduction band barrier will be decreased and will enhance the electron flow from the n-ZnO to the p-SiC and holes from the p-SiC to the n-ZnO. The successive recombination would give rise to the forward bias current flow. This means that the diode resistance would firstly decrease upon the increase of the forward bias voltage (i.e., the lowering of the barrier). As the forward bias is large enough, the barrier is negligible; the diode resistance becomes constant, which is due to the bulk material series resistance [17] . The slow rise in the forward current under low bias could be explained by the division of the voltage of the nonideal contact between the Al electrode and ZnO rods. Using different diodes (5 diodes) the ideality factor obtained from (1) was found to be in the range 3-4. The higher value of the ideality factor indicates that the transport mechanism is no longer dominated by the thermionic emission. Nonideal behavior is often attributed to defect states in the band gap of the semiconductor providing other current transport mechanisms such as structural defects, surface contamination, barrier tunneling, or generation recombination in the space charge region and to variations in the interface composition [18, 19] . To understand which mechanisms influence the junction behavior, the I-V characteristics of the device are studied in a log-log scale.
The log-log plot of the I-V data at RT is shown in Figure 5 and it illustrates that the current transport mechanism is exhibited in three different regions. The current in region 1 follows a linear dependence, that is, I∼V. This is an indication that the current transport is dominated by tunneling at low voltages. The boundary for this region was determined to be below 0.06 V. In region 2 (0.06-1 V) the current increases exponentially as I∼ exp (cV). The ideality factor (3-4) is determined in this region and the dominating transport mechanism is recombination tunneling. Finally above 1 V (region 3) the current follows a power law (I∼V 2.5 ), indicating a space-charge-limited current transport mechanism. Space-charge-limited current (SCLC) and at least one of the other regions observed in the present study have been reported in different n-ZnO rods/pSi heterojunction [13, 17, 20] and in Schottky contact to ZnO rods [14] .
Lampert and Mark [21] have developed the single carrier (SCLC) model with the presence of a trap above the Fermi level. As the applied voltage V is lower than the onset voltage V on (V < V on ) the thermally generated carrier density n o dominates over the injected carrier density and the carrier transit time τ x =d 2 /μV on (where μ is the electron mobility and d is the depletion width) is larger than the dielectric or ohmic relaxation time τ Ω = εε o /qn o μ, where ε o, ε is permeability constant of air and the material. The injected carrier would thus undergo dielectric relaxation to maintain the charge neutrality rather than transport across the sample. In this region, the trap levels are not completely filled. For V > V on the carriers transit time is smaller than the dielectric relaxation time (τ x < τ Ω ) and the injected carriers dominate over the thermally generated carriers. The increase of the applied voltage also shifts the quasi-Fermi level towards the conduction band and the effect would be the filling up of the trap at an energy level E c − E t , [17, 21] . At an applied voltage of V > V TFL (TFL stands for trap filled limit) all the trap levels are filled and the conduction would become space charge limited and the current follows the Mott and Gurney SCLC expression [22] 
where J is current density, μ is field-independent carrier mobility; d is the thickness of active layer, A is the area, ε is the dielectric, constant and ε o is the permittivity of free space. The trap filled limit voltage V TFL is given as [21] 
where N t is the concentration of the unoccupied states (trap concentration), located approximately at the estimated effective Fermi level. The effective carrier concentration n o in the active region is given by the expression
where J(V TFL ) is the current density at V TFL and J (2V TFL ) is the current density at a voltage twice the V TFL . From the calculated value of n o , the position of the effective Fermi level (quasi-Fermi level) can be estimated by the expression:
The position of the deep-level state is taken as being within an energy of few kT from the effective Fermi level.
The slow rise in the current at low voltages is an indication of a distribution of states in the energy gap. When all these states are filled with carriers, the current rises rapidly to the space-charge-limited value. Deep-level parameters were calculated from the experimental V TFL at RT. In these calculations the depletion region thickness (1.2 μm) at zero bias capacitance was used as the active layer thickness. The values of n o , N t and the location of the deep level states (radiative defect) below the conduction band were obtained to be 3.4 × 10 17 cm −3 , 4.4 × 10 18 cm −3 , and ∼0.24 ± 0.02 eV, respectively. The deep level states observed are in agreement with the reported data for zinc interstitial (Zn i ) level which is theoretically located at 0.22 eV below the conduction band [23] . Recently it was reported that the violet emission originates due to Zn i [24] . In addition, according to the full potential linear muffin-tin orbital method-based calculations, the transition energy from Zn i level to the valance band in ZnO corresponds to 3.1 eV [25] . This agrees well with our experimental results. The extracted transition energy from the observed trap (Zn i ) to valance band is 3.13 ± 0.02 eV. Several groups reported that the deep level emission (DLE) for the violet, green, and orange red are due to zinc interstitial (Zn i ), oxygen vacancies (V o ), and oxygen interstitials (O i ), respectively [24, 26] .
Conclusions
In summary, the current transport mechanism of ZnO rods/p-SiC has been discussed with the I-V curve using energy band diagram, which illustrates that the current transport mechanism exhibits three different regimes. The tunneling mechanism via deep-level states is the main conduction process at lower applied voltage, while spacecharge-limited current conduction dominated the current transport at higher applied voltage. Deep-level parameters effective carrier concentration, trap concentration and the energy of the trap were calculated. The deep-level state (radiative defect) observed is attributed by zinc interstitial (Zn i ), responsible for the violet emission.
